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ȫ 1Ȩ Ňʆ  
 











ȫ 2Ȱ ʭ¥ģȋǸØŘƺƵ 
ȫ 1˔ ʔËØŘ 
 ʔË) 5 !(ǁ˅'Ð<$#<˦ 1˧đƦʔËăģì, RNA w{
Zq|]'ˉ÷<˦ʾġÙɬ÷ª(őū ˧˦ 2˧đƦʔËăģ
TFIIH (rJZǒš'9;q|]˗ď'Ʀʻ DNA őū=<
˦q|]IqfO ˧˦ 3˧RNA w{Z)đƦʔËăģɋ$(Ƚ
÷@ƔÑ;q|]˗ď:ˋɓ" RNA ÷ūʾġ=<˦ʔËʾ
ġ ˧(ŕ˦ 4 R˧NAw{Z) RNA@÷ū&:ʭ¥ģ@ȡß<
































_Ƶʣ:(Œ˓˦¨ɉÞƬ˧@ï<$Ɲ:$& ˦Figure 1 ˧U
FVFkH@Ǿ	ʭ¥ħȍƀȷ'9;¨ɉÞƬ@ŰØ<	)Ėŏ
<ăģƐěĒü==:ăģ(ě)Nx_Ƶū]lNʍ(6
(7Nx_Ƶʣ(őū7ęƅ'ˀ?<ʲȶ#<$Ɲ:$&  3 
 



















CCCTC binding factor ˦CTCF˧Ā˚ȹɑ'<EU~]ǒš@
ų
Ŝȍ&ʭ¥ģ$"Ēü= 7CTCF)lysozymeʭ¥ģì, c-mycʭ
¥ģ(ʔË@ŰØ<ăģ$"ȋɮ=C2H2 zinc finger @ŷ!DNAȽ÷]
lNʍ#< 8,9CTCF )ˡȬȔưǼǱʿ'	"ˡň'³Ħ=C·iʳ
ʰÒ@ŷǲ' DNAȽ÷@ų
 11µ( zinc finger|_oʤ& d{E
)fcxFWmc#C·iʳʰÒ 100%³Ħ=";zinc finger






































#<$Ɲ:'& "	< 15˦Figure 2 ˧ 
 
ȫ 4˔ MƣƮɚª$ bookmarker 
 ʿƣ˦G1ƣSƣG2ƣ˧(Ʈɚª)ưÉ'ņ "Ħċ<Mƣ')
Ʈɚªˡň'ÍɇÃħ˙Śʼ#ɲĲòɒ&Ʋǳ(Ƶʣª$&<ʯ(




!#< TATA binding protein˦TBP˧)ʿƣ'ʔË="	q|]












'ˀ<$¢ʃ@ȧ"ȹɑýƣǲ' M ƣ: G1 ƣÓƣ'ȕȑCTCF
(ˀ?<ʭ¥ģȋǸØŘƺƵ@ȋɮɴƫ<$@ƦșȦ(ȑȍ$ 
 ȫ 2Ȩ#)Mƣ'< CTCF$Nx_(ȓ«Ǿ(ɴƫ@ɥ (
ȽƬCTCF)Mƣ'	"ʳà´˛'9; DNAȽ÷ǒšØŘ=<
$@ɮÏȫ 3Ȩ#)Mƣ: G1ƣÓƣ'"ȋǸ<ʭ¥ģ( 1!




ȫ 4Ȱ ȃʂɰ 
Ʀʆƒ#Ǿ	ȃʂ@¡'Ȟ 
BAC Bacterial artificial chromosome 
CK2 Casein kinase 2 
ChIP Chromatin immunoprecipitation 
CTCF CCCTC binding factor 
dCas9 Nuclease dead Cas9 
DMEM Doulbecco's Modified Eagle's Medium 
EGR1 Early growth response 1 
FBS Fetal bovine serum 
gRNA Guide RNA 
Lambda PP Lambda protein phosphatase 
PAM Protospacer adjacent motif 
PBS Phosphate-buffered saline 
TBP TATA binding protein 
TADs Topologically associated diainss 








ȫ 1Ȱ )5' 
 mcQiz'Ħċ<9 20,000µ(]lNʍ 22@Rd<ʭ¥ģ(

9 700 µ(ʭ¥ģ) C2H2 ]Eq( zinc finger |_o@ŷ! zinc 
finger]lNʍ@Rd 23Ơ6Ĝ& DNAȽ÷]lNʍ(Oq@ő
ū"	<CTCF) C2H2]Eq( zinc fingeroB·]lNʍ'ĺ11
µ(ʤɀ zinc finger |_o@ŷ! Zinc finger |_o)
X2CX2-4CX12HX2-8H˦X )¤ŧ(C·iʳ˧(C·iʳʰÒ:Ƶū=< DNA
Ƚ÷|_o#ě( zinc finger]lNʍ)ɬƐ( zinc finger|_o@ŷ





ü="	< 25	!( C2H2 zinc finger]lNʍ'!	")Jd
{E(WIfƿđMƣ'ʳà=<$# DNAȽ÷ǒšŰØ
=<$Ēü="	< 26-28 













ȫ 2Ȱ ī˞ƧƓ$Ɩǎ 
 




# 20Ð(ˡĊɞǅǥɜ2)ĤŔ 0.22 µm(oD]@Ǿ	ǩʧǥɜ@ɥ
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ȫ 2˔ ȹɑĐ˜ 
HeLa S3ì,MCF-7ȹɑ)10% fetal bovine serum ˦FBS @˧Ü Dulbecco’s 
Modified Eagle's Medium˦DMEMƙǆ˧@Ǿ	"375% CO2(ƨ£#Đ
˜ 
 
ȫ 3˔ ī˞'¬ǾqW·d(Ƶȱ 
 
CTCF cDNA(NfO  
Human CTCF cDNA)oligo dTqEx@Ǿ	ʟʔËíş'9;÷ū




PCR ǽǱ@Ø˃ʲȶ Nde IXho I #ÎǺø Nde IXho I #ÎǺ
pBluescript sN].NfOpBS-CTCF $NfO

















ȫ 4˔ Phos-tag SDS-PAGE 
đƦȍ&Ƌ«)ʡŁ( SDS-PAGE $øƶ'ɥ ÐˋQ«ɫ(ˇ'
phos-tagCNC·d˦Wako˧@ȺǨň 25 µMMnCl2@ȺǨň 50 µM$&<
9
'ǛÜMn2+@ûAQ@(22ʔË'Ǿ	<$ʔËÞǷɝ
©<510 mM EDTA@û4ʔËk`oB#Q@ 10ÐʿźȐ<Ƌ
«@ 2Ăɥ "Mn2+@LcŕPVDF{p.(ʔË@ɥ  
 
ȫ 5˔ cWoGNU 
pCAGGS-3×FLAG-CTCF-WT ì,ęȅª(Đ˜ȹɑ.(ĵÅ)Gene Pulser 
XcellUWaz˦BioRad˧@¬ǾHNcwUǎ'9;ɥ& 
cWoGNU')2×106µ( HeLa S3 ȹɑ'ĳ 2 µg (qW·d
DNA@¬Ǿȹɑ@ 100 µl( Opti-MEM˦ Thermo Fisher Scientific '˧Ūǧ
2 mm ł( Cuvette˦BioRad˧@¬Ǿ"110 V25.0 ·ȠȘőǏ(UO
lW(ƨ£#cWoGNUcWoGNUŕ(ȹɑ)
Ȓ'ȒŔ 100 mm(bD`U~'ȡ¡˂(ī˞'Ǿ	 
 






	 DMEM@Ü"10ƟʿĐ˜Ê,ȺǨň 2.5 mM'&<9
'_·V
Ǥǘ@ǛÜ14ƟʿĐ˜ĐČ@˄PBS˦-˧#Ǒǔŕ_·V@û




(Ɩǎ#Ăîȹɑ(Ʈɚª@ DAPI #ɲĲ9 95%(ȹɑÙƣ#
<$@ȝʀ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ȫ 7˔ FTMű CTCFwNeűª(«ɫ 
pET-14b-CTCF@Ǿ	"őʍʔƅĜɔɜ BL21 ˦DE3˧Ư9;His]O








ȫ 8˔ Nx_ÄȆǊ˂ǎ˦ChIPǎ˧ 
đƦȍ&ÄȆǊ˂Ɩǎ)Milliporeȟ(Ƅ®<Chromatin Immunoprecipitation 
Assay Kit' "ɥ ȹɑ(ĈĪ)ĐČ@û4bD`U~'uzC
bmdǤǘ@ȺǨň 0.5%'&<9
'ǛÜĬǠ#8<7' 10 ÐʿˍȐ





ǜ@˄	ȹɑ)¬Ǿ2#-80#³Ħȹɑ' SDS lysis buffer˦50 




ŚʷˡʢʪŜƺ@Ǿ	"ʪŜ˦15,000 rpm, 4, 5Ð ˧ǜǘ@Ăî
ǜǘ' 9¶ʷ(ChIP dilution buffer˦ 16.7 mM Tris-HCl pH 7.9, 1.2 mM EDTA, 1.1% 
Triton X-100, 167 mM NaCl @˧ǛÜÄȆǊ˂@ɥ
ȹɑŲÏǘ$ȹɑŲ
ÏǘűªProtein A beads ˦GErWPCBSAì, tRNA#p`LOǝ
3˧@ 1.5 ml_~p'Ü4# 12ƟʿĂʔǚÿHigh salt buffer˦ 20 
mM Tris-HCl pH 7.9, 2 mM EDTA, 0.1% SDS, 1% Triton X-100, 500 mM NaCl˧# 2
Ă LiCl wash buffer˦10 mM Tris-HCl pH 7.9, 1 mM EDTA, 1% NP-40, 1% 
Deoxycolic Acid Sodium Salt, 250 mM LiCl˧# 3Ă TE˦10 mM Tris-HCl pH 7.9, 1 
mM EDTA #˧ 2Ă(Ǒǔŕ˦ öǑǔĽȢ)4# 5Ðʿʔ·ǚÿ ˧Protein 
A beasd' Elution buffer˦100 mM NaHCO3, 10 mM DTT, 1% SDS˧@ÜĬǠ#
15ÐʿƊŴʪŜ'9; Protein A beads@Ǌǂǜǘ@Ăî
ǜǘ'ȺǨň 200 mM '&<9
'ĔàecFzǤǘ@ǛÜ65# 6
ƟʿÜǯ"ɓNWNíş@ɥ ɓNWNŕ(Ǥǘ' Tris-HCl 






ǎ'9;Īʷinput DNA'ĳ<Û÷#ɨȞqPCR)FastStart SYBER 







Ǿ	ŲÏ@ɥ ːøʅ(MCF-7ȹɑ'©Ŏǘ˦10 mM Hepes-NaOH pH 8.0, 




ǘ˦10 mM Tris-HCl pH 7.9, 1 mM MgCl2, 275 mM NaCl, 0.1% Triton X-100, 1 mM 
Na3VO4, 1 mM NaF, 5 mM b-glycerophosphate˧@ǛÜ5ÐʿǇ'ˏɉ
(ÎǺ'9;Nx_'Ƚ÷"	CTCFɴˋ<ȹɑŪǧǘ@ 4
2,300 ×g# 5ÐʿʪŜǜ@Ăî(ǜ@ːøʅȹɑŲÏǘ$ 
 
M ƣȹɑŲÏǘ(ʅɫ 
Mƣ'øʅMCF-7ȹɑ'©Ŏǘ˦ 10 mM Hepes-NaOH pH 8.0, 10 mM KCl, 





ȫ 10˔ ȹɑŲÏǘ:( CTCFȳɫ 
ːøʅȹɑŲÏǘ2)MƣȹɑŲÏǘ'ű CTCFűªì, Protein A beads
@ǛÜÄȆǊ˂@ɥ ÄȆǊ˂ǽǱ)ˡĔǨň(k`oB˦10 mM 
Tris-HCl pH 7.9, 1 mM MgCl2, 500 mM NaCl, 0.1% Triton X-100, 1 mM Na3VO4, 1 
mM NaF, 5 mM b-glycerophosphate˧#Ǒǔ<$'9;ưʳì, CTCF'Ƚ
÷ğˊ]lNʍ@ʕǟÄȆǊ˂ŕ(Tq(ʯ@Ǿ	"
Protein A beads'Ƚ÷ CTCF]lNʍʷ@FHW]p`aDOǎ'
9;ĪʷĪʷŕ( CTCF]lNʍ-Protein A beadsɬ÷ª@¡˂(ī˞
'¬Ǿ 
 
ȫ 11˔  Lambda protein phosphatase ˦lambda PP˧@Ǿ	ɓʳàÎǺ 
ːøʅȹɑŲÏǘ2) M ƣȹɑŲÏǘ9;ȳɫ CTCF ]lNʍ
-Protein A beadsɬ÷ª@ lambda PPíşǘ˦50 mM Hepes-NaOH pH 7.5, 100 mM 
NaCl, 0.01 % NP40, 1 mM MnCl2˧# lambda PP˦NewEngland BioLabs˧ǛÜ2
)ːǛÜ(ƨ£# 302ƟʿEL~sUEL~sUŕ





ȫ 12˔ In vitro DNA binding assay 
Lambda PP íşŕ( CTCF ]lNʍ-Protein A beads ɬ÷ª@Ǿ	"DNA 
binding assay@ɥ CTCF-Protein A beads'íşǘ˦20 mM Tris-HCl pH 7.4, 2 
mM MgCl2, 150 mM NaCl, 0.01% NP-40, 6.25% glycerol, 1 mM Na3VO4, 1 mM NaF, 5 
mM b-glycerophosphate ˧0.15 ng( DNAƔǰ˦rRNAʭ¥ģǓ(Ƙȗ CTCFȽ
÷ʰÒ@û4˧$ 50 ng( poly˦dI-dC˧@Ü"2530ÐʿEL~sU







ȫ 3Ȱ ī˞ȽƬ 
 
ȫ 1˔ CTCF)MƣƮɚª:ɴˋ< 
 MƣƮɚª'Ƚ÷ CTCF@Īʷ<5ȹɑ@Ðȁ˦ Figure 3 ˧0.1% 
Triton X-100@ûA©Ŏǘ#ȹɑ@ÎǺŕ'ʪŜ<$'9;ȹɑʍì
,Nx_'ōȽ÷"	<]lNʍ)ǜȁÐ˦ Sup '˧ŲÏ=Ĝʯ
Ð(Nx_Ƚ÷]lNʍ)ǊǂȁÐ˦ Pellet '˧Ăî=<ː øʅ( HeLa 
S3ȹɑ$iR^\ÎǺ# MƣÙƣ'øʅ HeLa S3ȹɑ@Ǿ	"
ÐȁÙ(ȹɑ˦ Input ˧SupPellet(öTq@ʅɫ" SDS-PAGE'Ĺʾ
CTCFHistone H3ʳà Histone H3˦Ser10˧@FHW]p`aDOǎ
'9;ƳÏ˦Figure 3 ˧Histone H3)Nx_(xJ$"ʳ




(01Æʷ PelletȁÐ'Ăî=˦ Figure 3 lane3 ˧Mƣȹɑ'	")
50%¡( CTCF SupȁÐ'Ăî=˦Figure 3lane5 ˧ 
 CTCF)rRNAʭ¥ģǓ˗ď@û4Qiz DNA(ƶ&˗ď'Ƚ÷"
	<$Ēü="	< 34Figure 3 (ȽƬ9;M ƣ'	"ƮɚªÆª'
Ƚ÷"	< CTCFʷǟķ"	<$Ȟā=#Nx_Ä
ȆǊ˂ǎ@Ǿ	"rRNAʭ¥ģǓ˗ď'< CTCFȽ÷ʷ@Ƴɷː ø
ʅ( HeLa S3ȹɑì,iR^\@Ǿ	"Mƣ'øʅ HeLa S3ȹɑM
ƣøʅ:Wŕ 024Ɵʿŕ(ȹɑ@uzCbmd@Ǿ	"ĈĪ
ű CTCFűª$ːǲȅȍRc$"FTM preimmune serum@Ǿ	"N
x_ÄȆǊ˂@ɥ rRNA ʭ¥ģǓ˗ď˦ʔËʾġǫ@+1 $ē÷
'-961:-851'ȓŐ<˧@Ėł<qEx@Ǿ	" qPCR@ɥ	Ƚ
Ƭ@Īʷ˦Figure 4 ˧(ȽƬMƣ'øʅȹɑ#)ːøʅȹɑ'Ǆ
/" CTCF (Ƚ÷ʷ˙ɝ'ǟķȽ÷ʷ) G1 ƣ'Ăř<$Ɲ:




Figure 3.  ȹɑÐȁǎ'9< CTCF(ĸċƳɷ 
ːøʅ9,Mƣ'øʅ HeLa S3ȹɑ@©ʅǘ#ÐȁÐȁÙ(ȹɑ
(Input)0.1% TritonǜȁÐ(Sup)0.1% TritonǊǂȁÐ(Pellet)@ SDS-PAGE'Ĺ























2 3 4 51 6
Figure 4.  ChIPǎ'9< CTCF(Nx_Ƚ÷(Ƴɷ 
ːøʅ(Asy)iR^\'9<Mƣøʅ(0)Wŕ 2Ɵʿ(2)4Ɵ
ʿ(4)( HeLa S3ȹɑ'ĳű CTCFűª9,ÄȆÙɤǜ@Ǿ	" ChIP
ǎ@ɥ& rRNAʭ¥ģq|]Ǔ( CTCFȽ÷ʯ¨@ûA˗
ď@Ėł<qEx@Ǿ	" qPCR@ɥ	ÄȆǊ˂= DNAʷ@
Eq`c DNA'ĳ<Û÷#Ȟ  
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ȫ 2˔ CTCF)Mƣ'ʳà´˛=< 
 Mƣ(Ʈɚª)RbUɬ÷ªȽ÷<$'9;ˡň'ÍɇƵ
ʣ@$ "	< 35='ş"ʿ ƣ'Ƚ÷<ě( DNAȽ÷]lNʍ
M ƣƮɚª:ɴˋDNA Ƚ÷ǒš)M ƣ'<ɍɻŕ´˛'9;ŰØ
="	<$Ēü="	<#Ƽ'CTCF ]lNʍ(ʳà´






ɒ#<ːøʅì,iR^\# M ƣ'øʅ HeLa S3 ȹɑ@ phos-tag 
SDS-PAGE'Ĺʾű CTCFűª@Ǿ	FHW]p`aDOǎ'9;
CTCF@ƳÏ˦Figure 5A(lh ˧ʡŁ( SDS-PAGE#)ɏ(ʩ	)
01ʀ5:=&	˦Figure 5A(lh ˧Mƣȹɑ( CTCF)ːøʅƟ$
Ǆ/"ǐßň©";Uockd$"Ɲȝ'ƳÏ=(
$:Mƣȹɑ( CTCF)ʳà="	<$Ȟā= 
 Ƽ'phos-tag SDS-PAGE#ƳÏ=Mƣ CTCF(ǐßň©ʳà
´˛'ȀƩ<$@Ƴɼ<5ű CTCFűª@Ǿ	ÄȆǊ˂ǎ'9;
ːøʅȹɑì,Mƣøʅȹɑ: CTCF@ȳɫɓʳàʲȶ˦ lambda PP˧
ÎǺ(ȽƬlambda PP#ÎǺMƣ CTCF) phos-tag SDS-PAGE'





'¯Ħ' Casein kinase 2˦ CK2 '˧9;ʳà=<$Ēü="	<
37Phostag SDS-PAGE'<ǐßň(©)]lNʍ'Ħċ<ʳđ









































Figure 5. Phos-tag@Ǿ	ʳà(Ƴɷ 
(A) ː øʅ9, M ƣ'øʅ HeLa S3 ȹɑ(ȹɑǤɴǘ@ SDS-PAGE 2)
Phos-tag SDS-PAGE'Ĺʾű CTCFűª@Ǿ	FHW]p`aDO
ǎ'9;CTCF@ƳÏ 
(B) ː øʅ9,Mƣ'øʅ HeLa S3ȹɑ(Ǥɴǘ:ű CTCFűª@Ǿ	"
ÄȆǊ˂@ɥ& Lambda PPƤÎǺ(-)ÎǺ(+)(ÄȆǊ˂ǽǱ@ SDS-PAGE




Figure 6. mc CTCF(ƼƵʣ.   
(A) Zinc fingerd{E(ƸŊćJ˗ď(C·iʳʰÒ@Ȟʳà
(¸ɪ$&<C·iʳ'Ʌ@ŋ	 
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Figure 7.  ęȅª@Ǿ	 CTCF(MƣʳàC·iʳ(Ƴɷ  
(A) CTCF(ƼʰÒWT)ʶǼĎ(ʰÒ@6!4A)Cƥȩd{E( CK2'9<
ʳàC·iʳ@ Ala(A)'ɉƅ6(T518A)J9Ȅ(WIf@ A




(B) ęȅª@Ǿ	ʳà(Ƴɷ 1 
(C) ęȅª@Ǿ	ʳà(Ƴɷ 2 












































T A A A A AAA7A	+	T289
A A A A A AAT7A	+	T317
A A A A A ATA7A	+	T346
A T A A A AAA7A	+	T374
A A S A A AAA7A	+	S402
A A A T A AAA7A	+	T431
A A A A S AAA7A	+	S461

















^\#Mƣ'øʅȹɑ@ phos-tag SDS-PAGE'Ĺʾű FLAGűª@
Ǿ	" 3×FLAG ]O CTCF @ƳÏ˦ Figure 7B lanes 1-8 ˧
3×FLAG-CTCF-WT4AT518A )M ƣøʅȹɑǲȅȍ'ʳà'9<k








7A ˧3×FLAG-CTCF-8A )ːøʅȹɑ$ M ƣ(ȹɑ#øǐßň@Ȟ










Ĺʾű FLAGűª@Ǿ	FHW]p`aDOǎ'9; 3×FLAG ]O
 CTCF@ƳÏ˦Figure 7C ˧(ȽƬ7A+T431) 8A$01øǐßň
@Ȟ((ęȅª#)	=6 8A ęȅª9;UockdƳÏ
=¡(ȽƬ:M ƣ( CTCF '	"T289T317T346T374
S402S461T518( 7ȮŬɭ&ʳàʯ¨#<$Ȟ= 
 
ȫ 4˔ CTCF(Mƣʳà) DNAȽ÷ǒš@©< 
 CTCF(ɬƐ( zinc fingerJd{E)Mƣ'ʳà="	<
$Ɲ:$& Ikaros7 YY1$	  C2H2 zinc finger]lNʍ(
Jd{E(ʳà) DNA Ƚ÷ǒš@©<$ȗ:="	<$
: 26,27CTCF(Mƣʳà DNAȽ÷ǒš'<Œ˓@Ƴɷ<5
in vitro'	" CTCF( DNAȽ÷ǒš@ɽ°ī˞'Ǿ	< CTCF]l
Figure 8. CTCFʳà( in vitro DNAȽ÷ǒš.(Œ˓ 







ɫːøʅȹɑȀƩ( CTCFì, MƣȹɑȀƩ( CTCF'ĳ"rRNA
Ǔ˗ď( CTCFȽ÷˗ď@û4 DNAƔǰ@Ü"EL~sUCTCF
'Ƚ÷ DNAƔǰ(ʷ@Īʷ˦Figure 8 ˧CTCFʳà(Œ˓@Ƴɷ
<5lambda PPÎǺ(ơǬ#Ǆʖ@ɥ Lambda PP#ƤÎǺ(ē÷ːø
ʅȹɑȀƩ( CTCF'Ǆ/"MƣȹɑȀƩ CTCF( DNAȽ÷ǒš) 25%¡
'©"	˦Figure 8columns 1 and 3 ˧lambda PPÎǺ'9;M
ƣȹɑȀƩ CTCF ( DNA Ƚ÷ǒš)ːøʅȹɑȀƩ( CTCF $øȢň'2#
Ăř˦Figure 8columns 2 and 4 ˧¡(ȽƬ:MƣȹɑÉ#ɲĲ=< 
CTCF( zinc fingerJd{E'<ʳà´˛)in vitro'<
CTCF( DNAȽ÷ǒš@©<$Ȟ= 


































Figure 9. ʳàƸ¹ęȅª@Ǿ	ȹɑÉ'< zinc fingerd{Eʳà
( DNAȽ÷ǒš.(Œ˓ 
(A) qW·d(cWoGNU'9; HeLa S3ȹɑ.ȋǸCTCF 
WT9, CTCF 8D(ȋǸʷ(ƳɷcWoGNUŕ 72Ɵʿ(ːø
ʅȹɑ@Ăîű FLAGűª@Ǿ	FHW]p`aDOǎ'9;ȋ
Ǹ@ƳÏ 
(B) (A)(ȹɑ@Ǿ	"ű FLAGűª'9< ChIPǎ@ɥ&  rRNAʭ¥ģq
|]Ǔ(CTCFȽ÷ʯ¨@ûA˗ď@Ėł<qEx@Ǿ	"




Ǹʷ)øȢň# ˦Figure 9A ˧ȹɑ@ĈĪŕű FLAG űª@Ǿ	"N
x_ÄȆǊ˂@ɥ	ÄȆǊ˂ŕ( DNA@ʹĎ$"rRNAʭ¥ģǓ˗
ď@Ėł<qEx@Ǿ	" qPCR@ɥ	ȽƬ@Īʷ˦Figure 9B ˧




ȫ 4Ȱ ɎĲ 
 
ȫ 1˔ CTCFJd{E(ʳà({JfXz 
 ƦȨ#)CTCFMƣ'ʳà="	<$@ȞCTCF(Mƣ










	<$Ɲ:$& "	< 38 
 Zinc finger]lNʍ'Ħċ<³Ħ=Jd{E(C·iʳM
ƣ'ʳà=<$) 1992Ņ'Ó5"Ēü=ʳàʲȶ(īª)










ʳàʲȶ$"øĪ= TOPK/PBK )ʳàʲȶǒš@Ȟ(' Cdk1
'9;ʳà=<$ŝ˖#<TOPK/PBK)in vitro#C2H2 zinc finger
]lNʍ(Jd{E@ȒƁʳà<:'TOPK/PBK(i`













Topologically Associated Domains ˦TADs˧$þ*="	< 42,43ƶ&ȣ˚(ȹ
ɑ@ǄʖȽƬʿƣ(ȹɑ'	"ȹɑȣǲȅȍ& TADs ˗ďĦċ<
$Ɲ:'& "	< 44CTCF)ʿƣ(ȹɑ'	"ȹɑ'Ĉơ( TADs













































Table 1 CTCFęȅª(«ɫ'Ǿ	qEx 
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ȫ 3Ȩ EGR1ʭ¥ģ( G1ÓƣȋǸ'ˀ?< CTCF(ƺɒɴƫ 
 
ȫ 1Ȱ )5' 
 CTCF )'Nx_(ˡƼƵʣőū@ʡ"ʭ¥ģȋǸØŘ'ˀ?<$Ɏ
:="	<Mƣȹɑ(ːNx_ȁÐ( CTCF)zinc fingerd{E













ȫ 2Ȱ ī˞ƧƓ$Ɩǎ 
ȹɑĐ˜ì,ȹɑýƣ(øʅ)ȫ 2Ȩ$øƶ(ŭǎ#ɥ  
 
ȫ 1˔ ī˞'¬ǾqW·d(Ƶȱ 
 
CTCF shRNAȋǸsN]pU6-puro-shCTCF(Ƶȱ 
CTCF( mRNA˦NCBI reference sequence; NM_006565.3˧ʰÒ 868-888( 21
Ĕđ'ĳ< shRNA@Ƶȱ<55’ƥȩ@ʳà 2Ʀ(ISgN
I_d@jEp^EZUETc DNA Ɣǰ$Ø˃ʲȶ
BspM I#ÑƔ pU6-purosN]47.ETc DNAƔǰ@EQU
siRNAÙ˝ª( shRNA@ȋǸ< pU6-puro-shCTCF#1sN]$CTCF 




















OpEGR1 pro-720/+120 Luc$ 
5’-TCCTCCCCCGCACTCCCGGTTC-3’ 
5’-GGGAACACTGAGAAGCGTGC-3’ 
EGR1 ʭ¥ģ(q|]˗ď-1358 :+120 'ĳş<˗ď@¡'Ȟ




EGR1 ʭ¥ģq|]˗ď-1227 :-1208 'Ħċ<CTCF Ƚ÷¸ɪʰ
Ò@ CTCFȽ÷(©×ǡ=<Ĕđ'ɉƅ pEGR1 pro-1358/+120 Luc@








Guide RNA˦gRNA˧$ 3×FLAG ]O Cas9 ]lNʍ@ȋǸ<
pX330-U6-Chimeric_BB-CBh-hSpCas9qW·d)Feng ZhangçĘ'9;Ƶȱ
= Addgene.İɸ=6(@ÅŭCas9' 2ȮŬ(C·iʳęȅ˦ D10A
H840A˧@ĵÅgNCZǒš@ƻĞ Cas9˦dCas9˧@ȋǸ<q
W·d@Ƶȱ˦ pX330-dCas9 ˧EGR1ʭ¥ģq|]( 15 kbǓ'















DNA Ɣǰ@Ø˃ʲȶ Bbs I #ÑƔ pX330-dCas9 'NfO
pX330-dCas9-EGR1-upstream  pX330-dCas9-EGR1-promoter ì ,
pX330-dCas9-EGR1-downstream$==( CTCFȽ÷˗ďýʚʯ$ gRNA







Figure 10. EGR1ʭ¥ģŉ( CTCFȽ÷ʯ¨ýʚʰÒ 
(A) ʔËʾġǫ 15 kbǓ(Upstream)( CTCFȽ÷ʯ¨ 
(B) ʔËʾġǫ 1.2 kbǓ(Promoter)( CTCFȽ÷ʯ¨ 




gRNA(ƷȍʰÒ'Ʌ@ŋprotospacer adjacent motif(PAM)@ʎƒĥ#Ȟ 
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Igf2 ʭ¥ŉ( CTCFȽ÷ʯ¨(NfO 
3C ǎ( PCR ǽǱ@Īʷ<5(ƳʷɅ@«ū<5(W]^d$&
<ʹĎ˦ŕʞ˧@«ɫ<5Igf2ʭ¥ģŉ'< 2ȮŬ( CTCFȽ÷ʯ¨@
NfO5’ƥȩ@ʳà¡(qEx@Ǿ	" Igf2 Ǔ˗




øƶ'¡(qEx@Ǿ	" Igf2 Ǔ˗ď˦ʔËʾġǫ: 102 kb 




ȫ 2˔ cWoGNU 
shRNA ȋǸqW·dì, dCas9/gRNA ȋǸqW·d(cWoGNU
') NEONUWaz˦Thermo Fisher Scientific˧@¬Ǿ4×106µ( HeLa 
S3ȹɑ$ 2 µg(qW·d DNA@ 100 µl( resuspension buffer R˦ Thermo Fisher 
Scientific˧#ǚ÷(Ūǧǘ@ 100 µl reaction tip@Ǿ	"Ăî2.5 ml
( E2 electrolytic buffer˦Thermo Fisher Scientific˧@Ü electroporation tube
˦Thermo Fisher Scientific˧. reaction tip$Y`cHNcwU
)1005 V35.0 ·Ƞ(lW×2Ă(ƨ£#ɥ& cWoGNU
ŕ(ȹɑ)Ȓ'ĐČ(Å ȒŔ 100 mm(bD`U~'ȡ¡˂(ī
˞'Ǿ	 
 
ȫ 3˔ ÄȆƮɚ 
bD`U~'ȒŔ 15 mm(JkKW˦ƪǕȜģĽƴ˧@ɉNs
_É# UV@ 5ÐʿǮĴHeLa S3ȹɑ@ƈȣʵ_·Vp`N
ǎ'9;ȹɑ@ G1/Sƣ'øʅWÐɩȹɑěɲĲ=<
W 12 Ɵʿŕ'JkKW@ĂîJkKW@ PBS˦-˧#Ǒǔ
ŕ10%cNʱʳǤǘ# 15ÐʿǇ#EL~sc"ĈĪ@
 33 
ɥ& PBS˦-˧# 2ĂǑǔŕ0.5% TrintonX-100/PBS# 5ÐʿʠʧÎǺ
@ɥ& 1% FBS/PBS# 30Ðʿp`LOŕJkKW@ 1% FBS/PBS
'Ūǧű CTCFűª$ 1ƟʿEL~sc0.05% Tween20/PBS# 3
ĂǑǔŕ1% FBS/PBS'Ūǧ 2Ƽűª˦ Goat Anti-Rabbit IgG H&L, Alexa 
Fluor488 $˧ 30ÐʿEL~sc0.05% Tween20/PBS# 3ĂǑǔŕ





ȫ 4˔ RT-PCR 
ȹɑ:(c] RNA(ȳɫ')RNeasy mini kit˦LCQ˧@Ǿ	
500 ng(c] RNA@¬Ǿ9Ĕđ(^zISgNI_d@qE
x$"ReverTra Ace˦ TOYOBO˧@Ǿ	ʟʔËíş@ɥ&	cDNA@÷
ūcDNA@ʹĎ$"FastStart SYBER Green Master@Ǿ	 qPCRíş










EGR1CCND1( pre-mRNAʷ)28S rRNAʷ'9;ɪƾW 0Ɵʿ@
˨$ē÷(ȓĳȍ&ȋǸʷ@Oo'Ȟ 
 
ȫ 5˔ UoGZC`YE 
cWoGNU')GeneJuice˦Millipore˧@Ǿ	950 ng ( firefly
 34 
UoGZȋǸw]qW·d$ 50 ng( renillaUoGZȋǸR
cqW·d pRL-SV40˦Promega˧@ǚ÷xf~C'Ŗ "ɾɟ
$qW·d DNA(ǚ÷ǘ@«ɫ2×106µ( HeLa Sȹɑ@ƈȣbD`
U~.ǛÜqW·d@cWoGNUȹɑ)ȹɑýƣøʅ
(˔#ɹʞƖǎ'9;Mƣ'øʅĂî1 well; 1.5×105µ(
Mƣ'øʅȹɑ@ poly-L-lysineÎǺ 12 wellqc'ȕĐČ
@˄ PBS˦-˧#ǑǔŕiR^\@û2&	 DMEM@Ü"öĂîƟ
ʿ2#Đ˜ĐČ@˄PBS˦ - #˧Ǒǔŕ100 µl( renilla luciferase lysis buffer
˦Promega @˧ȒƁ well'ǛÜ5ÐʿĬǠ#źȐ"ȹɑ@òǤà":
ȹɑǤɴǘ@ĂîLumat LB9506 ˦BERTHOLD˧@Ǿ	"Ăîöȹ




ȫ 6˔ Nx_ÄȆǊ˂ǎ 
ȫ 2Ȩ$øƶ(ŭǎ#ɥ  
 
ȫ 7˔ Chromosome Conformation Capture˦3C˧ǎ 
3C ǎ)Ohlsson :(Ɩǎ'Ŗ "ɥ  48ȹɑ(ĈĪ)ĐČ@ûAb
D`U~'uzCbmdǤǘ@ȺǨň 1%'&<9
'ǛÜĬǠ#8<






SDS@ÜØ˃ʲȶ Dpn II˦New England BioLabs˧íşǤǘ'Ūǧ37#
8Ɵʿʔ·ǚÿǤǘ'ȺǨň 1.8%$&<9
' Triton X-100@ǛÜ1
Ɵʿäʔ·ǚÿǤǘ'Ø˃ʲȶ Dpn II@ǛÜ37# 16Ɵʿʔ·ǚ
ÿDNA@ÑƔǤǘ'ȺǨň 1.6%'&<9
 SDS@ǛÜŕ65# 20
ÐʿÜǯØ˃ʲȶ@ǒšàǤǘ@ ligation buffer˦66 mM Tris-HCl pH 
 35 
7.4, 5 mM MgCl2˧#ŀʴDNA(Ǩň 2.5 ng/µl$&<9
'ʅƑȺ
Ǩň 1%$&<9
' Triton X-100 @ǛÜ37# 1 Ɵʿʔ·ǚÿT4 
DNA ligase˦TOYOBO ˧DTTATP@Ü16# 20ƟʿEL~sc
DNAƔǰ(EQUíş@ɥ EQUíşŕ(Ǥǘ9;N
x_ÄȆǊ˂(˔#ʞ/($øƶ(ĽȢ# DNA @ȳɫPCR ǎ'9
;Qiz DNA #ˋ=˗ďʿʝƁ"	<@ƳÏǾ	qE
xʰÒì,Ȼ÷@ Table 2Table 3'Ȟ1Ăȑ' 20TEN( PCRí
ş@ɥ	PCR ǽǱ@ŀʴŀʴ PCR ǽǱ@ʹĎ'Ǿ	"30 TEN
( nested-PCR@ɥ	PCRǽǱ@ːęšwCNC·dQ'ĹʾŕQ@
H_VFzpxEd#ƮɚĖł DNA Ɣǰ@ƳÏPCR kd(
Īʷ')ImageJ [ocFHC 49@¬Ǿö PCR ǽǱ(Īʷ)W]^
d$&<ʹĎ(ǁ˅ŀʴǽǱ@Ǿ	"ƳʷɅ@«ū"ɥ& EGR1 ʭ¥
ģŉ@ûA bacterial artificial chromosome ˦BAC˧ NȄõ RP11-113M21
$Igf2 ʭ¥ģŉ( CTCF Ƚ÷ʯ¨@ûAqW·d pBS-Igf2-upstream ì,
pBS-Igf2-downstream (ö DNA @øÐģƐ#ǚ÷ŕ¡(ÎǺ@ɥ "
W]^d$&<ʹĎ@«ɫBAC$qW·d(ǚ÷Ǳ@ Dpn II#ÑƔ
T4 DNA ligase'9;EQU@ɥ EQU^z'
ʏ<ȽƬÆ"(Ȼ÷(EQUǽǱȬ	ÐģƐ«:=<5
Table 2 3Cǎ#Ǿ	qExʰÒ 
Table 3 3C-PCR#ɥ  PCR(qEx(Ȼ÷





ȫ 8˔ ȹɑ(]EzqWɲĲ 
pU6-puro-shEGFP2) pU6-puro-shCTCF#1@cWoGNUHeLa 
S3ȹɑ@Ùʞ$øƶ' Mƣ'øʅPoly-L-lysineÎǺ 12ȥqc
'ƈȣMƣȹɑ@ ARRAYSCAN XTI˦ Thermo Fisher Scientific É˧'ɺɉ
375% CO2(ƨ£# 30Ðʿˏɉ(WƋ«@ɥ& 
Wŕ(ȹɑˉĄ(ËȔ@ȼƟȍ'ƉŒȹɑőũ(ęà@À'ȹɑ$'ȹ
ɑÐɩ(ʏƟʿ@ǉĪȹɑÐɩ(Ɵƣ@Oo'Ȟ                                                   
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ȫ 1˔ Mƣ'< CTCF(ĸċ 
űCTCFűª@Ǿ	ÄȆƮɚ'9;CTCF(ȹɑÉĸċ@ɲĲ$>
CTCF)Mƣƣ˦Metaphase˧:ŕƣ˦Anaphase˧(Ʈɚª$)Çĸċ&	
$Ɲ:'& ˦Figure 11 ˧ƖȺƣ˦Telophase˧#)Ʈɚª'6







b]sW( CTCF ChIP-sequenceb](ɴƫ: 51HeLaȹɑ( G1ƣÓƣ
ʭ¥ģ 119ʭ¥ģ77ʭ¥ģ(ʭ¥ģŉ' CTCFȽ÷<$Ƃǡ=
˦Table 4Ȩƥ ˧ 
G1ƣÓƣʭ¥ģ(!#< EGR1˦Early Growth Response 1˧:ȋǸ<
EGR1 ]lNʍ)ʔËăģ$"ƺɒȹɑĖǀCwcUWAà
Ðà&%'ˀ?<Ʒȍʭ¥ģ(ȋǸ@²ʥ<$Ēü="	< 522
xFW˟ˠšȹɑ(Ðàʁĵȴ'	"CTCF  EGR1 (ȋǸ'ˀ<$
Ēü="	< 53:'b]sWɴƫ'9;EGR1ʭ¥ģŉ' CTCF












Figure 11. Mƣ'< CTCF(ĸċ 
HeLa S3ȹɑ@ 10% TCA#ĈĪű CTCFűª@Ǿ	ʿƁɢÃűªǎ




1 2 3 4
Control
5 6 7 8 9
shCTCF#1 shCTCF#2
Figure 12. shCTCF'9< CTCF(i`N^F 
HeLaS3ȹɑ' shEGFP(lanes 1-3)shCTCF#1(lanes 4-6)shCTCF#2(lanes 7-9)
@ȋǸ<qW·d@cWoGNUSDS-PAGE'
$'ȅ&<ȹɑƐÐ(0.25 × 105, 0.5 	 105, and 1.0 	 105)(ȹɑǤɴǘ@Ĺ
ʾFHW]p`aDOǎ'9; CTCF9,a-tublin@ƳÏ 
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2 ȣ˚@Ƶȱ˦pU6-puro-shCTCF#1 and #2 ˧Rc$"ȹɑÉ'
'9;ɥ qW·d)CTCF mRNA(ȅ&<˗ď@Ʒȍ$ 2 ȣ
˚@Ƶȱ˦pU6-puro-shCTCF#1 and #2 ˧Rc$"ȹɑÉ')Ħ
ċ&	EGFP cDNA'ĳ< shRNA@ȋǸ<pU6-puro-shEGFP @¬Ǿ
CTCFi`N^Fȹɑ#)Rcȹɑ'Ǆ/"CTCF(]lNʍʷ







ì, CTCFi`N^Fȹɑ(őũęà@ȼƟȍ'ɲĲ˦Figure 13 ˧
Figure 13A#) ɨ­$" 1µ(ȹɑ(ȼƟȍ&ęà@ȞFigure 13B#
ȞOo9;%:(ȹɑ#6Wŕ 60ÐÙŕ'ȹɑÐɩʏ;








=<Ù( pre-mRNAȀƩ( cDNA(3 PCR(ʹĎ$&;ȹɑýƣ(Êʾŕ'
ƕɯ'ʔË=ǽǱ(ʷ@íƞ#<$Ɏ:=<öƟʿ( pre-mRNAʷ)
28S rRNAʷ'9;ɪƾWŕ 0Ɵʿ@ 1$"ȓĳȍ&ȋǸʷ@Oo
'Ȟ˦Figure 14 ˧Rcȹɑ'	"Wŕ(Ɵʿȼʧ'¦ 
" EGR1( pre-mRNAʷĖÜ2Ɵʿŕ'nN@ʜŕ3Ɵʿŕ')Š
Ǧ'ǟķ"	ƖCTCF i`N^Fȹɑ'	")Wŕ 2 Ɵ
ʿ'< EGR1 pre-mRNA (ĖÜRc(˪ÛȢň'$%2 ¡




6ǟķ"	<$Ȟ=˦Figure 15 ˧EGR1$øƶ' G1ƣ'ȋǸʁĵ
=< Cyclin D1˦ CCND1˧ʭ¥ģŉ'6CTCFȽ÷˗ďĦċ< 51CCND1 
pre-mRNA)Wŕ(Ɵʿȼʧ'¦ "ƜCTCFi`N^Fȹɑ























Figure 13. CTCFi`N^F(Mƣʥɥ.(Œ˓ 
HeLaS3ȹɑ' shEGFPshCTCF#1@ȋǸ<qW·d@cWoGNU








(C) öī˞(N = 3)#ɲĲȹɑƐ@Ȟ 
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CTCF ) G1 ƣÓƣ( CCND1 (ȋǸ' 6ˀ<$Ȟā=CTCFi
`N^F( EGR1 ì, CCND1 pre-mRNAȋǸʷ.(Œ˓)2ȣ˚(
shCTCF#12#øƶ&ȽƬŗ:= 
ENCODEb]sW( CTCF ChIP-seqb]9; 51EGR1ʭ¥ģŉ') 3
ȮŬ( CTCFȽ÷ʯ¨Ħċ<EGR1(ʔËʾġʯ¨@+1$Ɵ-15 kb
-1.2 kb +38 kb( 3ȮŬ' CTCFȽ÷ʯ¨Ħċ<˦Figure 16 ˧G1ƣÓƣ(
EGR1 ʔË'ĳ< CTCF (ƺɒ@Ƴɷ<5=: 3 ȮŬ(Ƚ÷ʯ¨'ĳ
< CTCF(Ƚ÷@ ChIPǎ'9;Ƴɷ3ȮŬ( CTCFȽ÷ʯ¨'	"
EGR1
α−tublin
1 2 3 4 5 6 7 8
0 1 2 3 0 1 2 3
shEGFP shCTCF#1
h	post	release
Figure 14. CTCFi`N^F( EGR1 pre-mRNAȋǸ.(Œ˓ 
HeLaS3ȹɑ' shEGFP(ˎɅ)shCTCF#1(ʎɅ)shCTCF#2(ɄɅ)@ȋǸ<qW
·d@cWoGNUM ƣW: 0123 Ɵʿŕ'ȹɑ@Ă
î RT-qPCR @ɥ& EGR1 pre-mRNA(ľ(Oo)9, CCND1 pre-mRNA 
(ô(Oo)@Īʷpre-mRNAʷ) 28S rRNAʷ'9;ɪƾ*P < 0.05 
Figure 15. CTCFi`N^F( EGR1]lNʍȋǸ.(Œ˓ 




Wŕ 0Ɵʿ#)ō	s( CTCFȽ÷ʀ5:=& 
Wŕ 1Ɵʿ#)Ƚ÷ʷĜĖÜ23Ɵʿŕ(Ƚ÷ʷ) 1Ɵʿŕ$01
øȢň#Ƃȡ˦Figure 16 ˧ 
 




$:EGR1( G1ƣÓƣ'<ʔË'	"EGR1ʔËʾġǫ 1.2 kbǓ
'Ƚ÷< CTCFʔËăģ$" ƺɒ<òɒš@Ƴɷ<5EGR1q
|]'UoGZʭ¥ģ@ʤȽqW·d@Ǿ	w]C`
YE@ɥ EGR1ʭ¥ģ-720 bp:+120 bp(q|]˗ď(QizDNA
ʰÒ@ PCR#ĖłUoGZʭ¥ģǓ'ŻÅqW·d@«ɫ





Figure 16. ChIPǎ'9< G1ƣÓƣ'< CTCFȽ÷(Ƴɷ 
MƣW: 0123Ɵʿŕ(ȹɑ@NWNNormal rabbit IgG
ű CTCFűª@Ǿ	 ChIPǎ@ɥ& ȳɫ DNA@ʹĎ'EGR1ʭ¥ģ
ŉ( PromoterUpstreamDownstream(ö CTCFȽ÷ʯ¨@ûA˗ď@Ėł<
qEx@Ǿ	" qPCR@ɥ&  
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response element;EGR1(ȋǸ'İ"	<$Ēü="	< 56
:'-1227 bp:-1208 bp'¨ɉ< CTCFȽ÷ʰÒ@û4-1358 bp:+120 
bp(Qiz DNAʰÒ@ PCR#ĖłpEGR1 pro-1358/+120 Luc@«ɫ
:'CTCF RYTWʰÒ'ęȅ@ĵÅ pEGR1 pro-1358/+120DCTCFBS 
Luc@«ɫęȅ@ĵÅ$'9;CTCF(Ƚ÷©"	<$@
ȝʀ<5qW·d( CTCFȽ÷ʰÒ'Ƚ÷< CTCFʷ@ ChIPǎ'9
;ƳɷȽƬpEGR1 pro-1358/+120DCTCFBS Luc 'Ƚ÷< CTCF(ʷ)





ǸqW·d˦ pRL-SV40 ˧:ȋǸ< renillaUoGZǒš'9;ɪƾ


















Figure 17. ChIPǎ'9<w]qW·d'Ƚ÷< CTCF(Ƴɷ 
HeLa S3ȹɑ'pEGR1 pro-1358/+120 Luc 2) pEGR1 pro-1358/+120DCTCFBS 
Luc @cWoGNUNormal rabbit IgGű CTCFűª@Ǿ	 ChIP
ǎ@ɥ& ȳɫ DNA @ʹĎ'qW·d( EGR1 promoter CTCF




:=& 9 "CTCF Ƚ÷ʯ¨@ûAq|]˗ď@6!w
]qW·d(ʧšȋǸȴ#)CTCF¯Ħȍ& G1ƣÓƣ'< EGR1(
ȋǸƜ@ÊƵū#&	$Ɲ:'& ($:CTCF )ʔË































Figure 18. w]ȴ'9< Promoter CTCFȽ÷ʯ¨(ǒšƳɷ 
HeLa S3ȹɑ.öw]qW·d@cWoGNUȹɑ@Mƣ'ø
ʅM ƣW: 0123 Ɵʿŕ(ȹɑ@ĂîUoGZǒš
@ǡĪFireflyUoGZǒš)ö fireflyUoGZȋǸqW·d
$øƟ'cWoGNUrenillaUoGZȋǸqW·d:ȋǸ
< renillaUoGZǒš'9;ɪƾWŕ 0Ɵʿ@ 1$ȓĳǒš
#Ȟns, P > 0.05 
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ȫ 4˔ CTCF) EGR1ʭ¥ģŉ(Nx_ˡƼƵʣőū'ˀ?< 
EGR1 ʭ¥ģŉ')ʔËʾġǫ:Ǔ 15 kb˦Upstream ˧Ǔ 1.2 kb
˦Promoter ˧Ǔ 38 kb˦Downstream˧( 3ȮŬ' CTCFȽ÷ʯ¨;CTCF
Ƚ÷ʯ¨ʿ(Nx_ˡƼƵʣőū@"CTCF  EGR1 ʭ¥ģȋǸ'İ
<òɒšŦĪ=<#Chromosome Conformation Capture ǎ˦ 3Cǎ˧







$#ˋ= 2 Čǫ'ȀƩ< DNA ÑƔƥȩÁÐ
A
B C D
Figure 19. Chromosome Conformation Capture (3C)ǎ 









ʝ'Ħċ<ē÷')ʤȽ= DNA őū=<9 "ˡƼƵʣő
ū@Ƴɷ	˗ď'Ħċ<Ø˃ʲȶʰÒ(ʝ½'qEx@ɺɶ<$
#PCR '9;Nx_(ˡƼƵʣ@ƳÏ<$#<EGR1 ʭ¥ģŉ































0 1 2 33
1 2 3 5 6 7 84 9 10 11 13 14 15 1612 17 18 19 21 22 23 2420
Exp.	#1
Exp.	#2
Figure 20.  3Cǎ'9< EGR1ʭ¥ģŉ(Nx_ˡƼƵʣ(Ƴɷ 





MƣW: 0123Ɵʿŕ'ȹɑ@Ăî 3Cǎ @ɥ& 







(ȓ«Ǿ@ƳɷHeLa S3 ȹɑ'Rc$" shEGFP 2)
shCTCF @ȋǸ<qW·d@cWoGNUŕÙʞ$øƶ'ȹ
ɑýƣ@øʅWŕ 0123Ɵʿ(ȹɑ@uzCbmd#ĈĪ
3C ǎ'Ǿ	Rcȹɑ'	"EGR1 ʭ¥ģŉ Upstream-Promoter
Promoter-DownstreamUpstream-Downstream (	=(Ȼ÷?#6W
ŕ 0Ɵʿ#) 3C-PCR(UOe0$A%ƳÏ=& Wŕ(
Ɵʿȼʧ'¦ " 3C-PCRUOe(ĖÜʀ5:=9 "=:( 3!




























Figure 20.  3Cǎ'9< EGR1ʭ¥ģŉ(Nx_ˡƼƵʣ(Ƴɷ 
(C) EGR1ʭ¥ģ$)ȅ&<Ʈɚª'Ħċ< Igf2ʭ¥ģŉ(qEx(Igf2 
downstream)$EGR1 ʭ¥ģʔËʾġǫ 1.2 kb Ǔ (qEx(EGR1 
promoter)(Ȼ÷'9< 3C-PCR 
(D) Ø˃ʲȶ Dpn II '9<ÑƔ9,EQUíş'ˀ±&Ėł
< rRNAʭ¥ģ˗ď@Ėł<qEx'9< PCR 
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(˗ď)G1ƣÓƣ'ưÉ#	'ʝƁ"Ħċ<$Ȟ=˦ Figure 20B
lanes 1-49-1217-20 ˧EGR1 promoter$ Igf2ʭ¥ģǓ(qEx







< 3C-PCR(UOe)ǗĞ2)ǟķ˦ Figure 20Blanes 5-813-1621-24 ˧
3C-PCR'Ǿ	ʹĎ DNAʷ@Ƴɷ<5(ÉʯƷǢ˦ PCRĖł˗ďÉ'Ø˃
ʲȶ Dpn IIʀʉʯ¨@û2ÑƔì,EQU(Œ˓@ï&	˧$
"rRNA ʭ¥ģ˗ď(qEx@Ǿ	"PCR @ɥ& ȽƬTqʿ















RNA¯Ħš DNAgNCZ$"ȋɮ= 59IIĎ CRISPR/Cas9UWaz
#)Cas9]lNʍ$2Ʀ(KEd RNAʻ˦crRNA$ tracrRNA˧:&<
ɬ÷ªőū=crRNA (KEdʰÒ$ȓɪȍ& DNA Ĕđĳ@őū<
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$# Cas9 ƷȍʰÒ'Nc=ĔđʰÒǲȅ&ÑƔǒš@Ȟ 60
Ʀī˞#)2Ʀ( crRNA$ tracrRNA@ʤȽæ( guide RNA˦gRNA˧
$FLAG]Oì,ưȡɥUOeÜ= S. pyogenes Cas9 cDNA˦mc(
Rd'Ơʫàǝ @˧Ǿ	"	<Cas9' 2ȮŬ(C·iʳɉƅ˦ D10AH840A˧
@ĵÅ<$#gNCZǒš@Ğ
RNA¯Ħȍ& DNA.(Ƚ÷ǒ





Ƚ÷<$#ʔËăģ(Ƚ÷@ˁĭ<$<	) RNA polymerase II(
§ʽíş@ˁĭ#<$Ēü="	< 61#CTCF Ƚ÷ʯ¨'ʵ&
<9
' gRNA@ɺɶ˦ Figure 10 ˧gRNAì, dCas9@ȋǸ<$#EGR1
ʭ¥ģŉ'Ħċ< CTCF@ǲȅȍ'ˁĭ<$@ɾ3 
EGR1 ʭ¥ģŉ(ö CTCF Ƚ÷ʰÒ$ȓɪš@ŷ&	RcʰÒ
˦Control˧ì, UpstreamPromoterDownstream(ö CTCFȽ÷ʯ¨'ȓɪȍ&
gRNA@==ȋǸ< 4ȣ˚(qW·d@ƵȱöqW·d:)
gRNA $$6'FLAG-dCas9 ( mRNA ȋǸ<gRNA-dCas9 ȋǸqW·
d@cWoGNU HeLa S3ȹɑ)Ùʞ$øƶ'ȹɑýƣ@øʅ
Wŕ 0123Ɵʿ(ȹɑ@ĂîqRT-PCR'9;EGR1( pre-mRNA
ʷ@Īʷ˦ Figure 21 ˧Rc gRNA@ȋǸȹɑ'Ǆ/"Upstream
Promoterì, Downstream gRNA@ȋǸȹɑ#)Wŕ 2Ɵʿ( EGR1 
pre-mRNAȋǸʷRc(9 7ÛȢň2#ǟķCTCFi`N
^F'	")EGR1 pre-mRNA#&CCND1 pre-mRNA(ȋǸ©
6ɲĲ="	˦Figure 14˧gRNA-dCas9(ȋǸ'9< CCND1 pre-mRNA
(ơŧ&ǟķ)ɲĲ=& ($:gRNA-dCas9 '9< EGR1 
pre-mRNA ȋǸ(ŰØ)gRNA (ʰÒ'¯Ħǲȅȍ&íş#<$Ȟ
= 
ɹ(ƨ£'<FLAG-dCas9 (Nx_Ƚ÷@ű FLAG űª@Ǿ	
 ChIP ǎ'9;Ƴɷ˦Figure 22 ˧ö ChIP ǽǱ'û2=<Upstream
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PromoterDownstream (ö CTCF Ƚ÷ ʯ¨( DNA ʷ@ qPCR '9;Īʷ
input DNA 'ĳ<Û÷#Oo'Ȟ Upstream gRNA-dCas9ȋǸȹɑ#





























































Figure 21. gRNA-dCas9ȋǸ( EGR1 pre-mRNAȋǸ.(Œ˓ 
HeLaS3 ȹɑ' control gRNA(Control; ˎɅ)15 kb Ǔ CTCF Ƚ÷ʯ¨'ĳ<
gRNA(Upstream; ʎɅ) 38 kbǓCTCFȽ÷ʯ¨'ĳ< gRNA(Downstream; Ʉ
Ʌ)1.2 kbǓ CTCFȽ÷ʯ¨'ĳ< gRNA(Promoter; ȸɅ)$ dCas9@ȋǸ
<qW·d@cWoGNUMƣW: 0123Ɵʿŕ'
ȹɑ@Ăî RT-qPCR @ɥ& EGR1 pre-mRNA(ľ(Oo)9, CCND1 
pre-mRNA (ô(Oo)@Īʷpre-mRNAʷ) 28S rRNAʷ'9;ɪƾ 






































Figure 22. ChIPǎ'9< dCas9(Nx_Ƚ÷ǲȅš(Ƴɷ 
Figure 21$øƨ£#Ăîȹɑ@NWNű FLAGűª@Ǿ	
ChIP ǎ@ɥ& ȳɫ DNA @ʹĎ'EGR1 ʭ¥ģŉ( Upstream
Downstream Promoter (ö CTCF Ƚ÷ʯ¨@ûA˗ď@Ėł<qEx
@Ǿ	" qPCR@ɥ&  
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Ƚ÷ʯ¨(ÄȆǊ˂ʀ5:=Promoter ì, Downstream ( CTCF Ƚ÷ʯ
¨#)ʀ5:=& øƶ'Promoter gRNA Downstream gRNAȋǸȹɑ
'	"dCas9 )Ʒȍ˗ď'(3Ƚ÷<ƶģʀ5:==9;





Ǌ˂:'(ÄȆǊ˂ǽǱ: normal rabbit IgGű CTCFűªű FLAG
űª@Ǿ	"ÊňÄȆǊ˂@ɥ ˦Re-ChIPǎ ˧(ȽƬű CTCFűª@Ǿ
	 Re-ChIP #)	=(ȹɑ'	"6FLAG-dCas9 $ CTCF (ÇǊ˂)
ʀ5:=& ˦Figure 23 ˧($)gRNA-dCas9Ƚ÷Nx_
') CTCF Ƚ÷"	&	$@Ȟ";gRNA-dCas9 '9; EGR1 ʭ¥
ģŉ(Ʒȍʯ¨# CTCF(Ƚ÷@ˁĭ#"	<$Ɲ:$&  
#øƟ'ɬƐ( gRNA @ĵÅ<$'9;ö CTCF Ƚ÷ʯ¨(ȓ
ˀ±@Ƴɷ<$$2ȣ˚( gRNA˦ Upstream + Downstream Upstream 
+ PromoterPromoter + Downstream˧ì, 3ȣ˚( gRNA˦Upstream + Downstream 
+ Promoter˧@øƟ'cWoGNUFigure 21 $øƶ(ŭǎ# EGR1
ì, CCND1 pre-mRNA(ȋǸʷ@Īʷ˦Figure 24 ˧2ì, 3ȣ˚( gRNA
$ dCas9@ÇȋǸƨ£'	")æǴ( gRNA$ dCas9@ȋǸē
÷'Ǆ/"EGR1 pre-mRNAʷ9;©<$ɲĲ=˦Figure 25 ˧
3 ȣ˚Æ"( gRNA @øƟ'ȋǸē÷')2 ȣ˚( gRNA (	
=(Ȼ÷@ȋǸē÷¡(ŰØÞƬ(²ʥ)ʀ5:=& 2
æǴ( gRNA @ȋǸƟ$øƶ'Rc$"Ǿ	 CCND1 
pre-mRNA.(ŰØÞƬ)ʀ5:=&  
UpstreamPromoterì, Downstream gRNA$ dCas9(ȋǸ'9;gRNA-dCas9
)Ʒȍʯ¨'Ƚ÷" CTCF(Ƚ÷@ˁĭ EGR1( G1ƣÓƣʔË)ŰØ





Figure 23. Re-ChIPǎ'9< dCas9$CTCF(Nx_Ƚ÷'<Ȫ÷(Ƴɷ 
Figure 21$øƨ£#Ăîȹɑ@NWNű FLAGűª@Ǿ	ChIP
ǎ@ɥ& ŕÄȆǊ˂ǽǱ@Ǿ	" 2Ăȑ(ÄȆǊ˂@ƾŁFTMȳɫűª
ű CTCF űªű FLAG űª'9;ɥ& ȳɫ DNA @ʹĎ'EGR1 ʭ
¥ģŉ( UpstreamDownstreamPromoter(ö CTCFȽ÷ʯ¨@ûA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